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Eletrial spin injetion from ferromagneti δ-MnGa into an (Al,Ga)As p-i-n light emitting
diode (LED) is demonstrated. The δ-MnGa layers show strong perpendiular magnetorystalline
anisotropy, enabling detetion of spin injetion at remanene without an applied magneti eld.
The bias and temperature dependene of the spin injetion are found to be qualitatively similar to
Fe-based spin LED devies. A Hanle eet is observed and demonstrates omplete depolarization of
spins in the semiondutor in a transverse magneti eld.
The eletrial injetion of non-equilibrium spin po-
larization from ferromagneti metals into semiondu-
tors is a entral requirement in the eld of spintron-
is [1℄. Reently, spin injetion from ferromagneti met-
als suh as Fe [2, 3, 4, 5, 6℄, FexCo1−x [7, 8℄, Fe3Si
[9℄, Co2MnGe [10℄, and MnAs [11℄ into GaAs has been
demonstrated. In these experiments, the spin-injeting
ontats are thin metal lms with thiknesses of the or-
der of a few nm, whih show in-plane magnetization due
to shape anisotropy. However, the spin-dependent opti-
al reombination in surfae-emitting devies is sensitive
to the out-of-plane spin polarization [12℄, and large mag-
neti elds of the order of 20 kOe are usually applied to
rotate the magnetization out-of-plane. This is a parti-
ular burden for the operation of emerging magnetopho-
toni devies suh as the spin light-emitting diode (spin
LED) [2, 3, 4, 7, 8, 9, 10, 11℄ and the spin vertial-avity
surfae-emitting laser (spin VCSEL) [13, 14℄, whih are
of great interest for appliations in spintronis, inluding
optial swithes and modulators.
To allow more exibility in the design of spintroni de-
vies, it would be desirable to ontrol the diretion of
the spin polarization, inluding out-of-plane orientation,
without the need for large applied magneti elds. The
pratial operation of an eletrially-pumped surfae-
light-emitting spintroni devie would require a ferro-
magneti metalli ontat with a perpendiular mag-
neti anisotropy large enough to overome the shape
anisotropy as well as a Curie temperature above room
temperature. δ-MnxGa1−x (0.55 < x < 0.60) fullls
these requirements, and it has been grown epitaxially on
GaAs (001) [15, 16, 17℄. In this letter, we demonstrate
the injetion of an out-of-plane spin polarization from δ-
Mn0.58Ga0.42 (heneforth δ-MnGa) into (Al,Ga)As het-
erostrutures in remanene. The spin polarization at re-
manene is greater than 4% at low temperatures [18℄. The
polarization is ompletely destroyed by a small transverse
magneti eld, demonstrating the existene of a Hanle ef-
fet.
The δ-MnGa lms were grown by moleular-beam epi-
taxy on (001) GaAs substrates. For spin injetion, the
ferromagneti metal/semiondutor interfae is believed
to be ritial. Although δ-MnGa is thermodynamially
stable on GaAs, Mn is not [17℄, reating with GaAs to
form δ-MnGa and Mn2As [17℄. Sine Mn2As is an an-
tiferromagnet, its presene at the interfae may be ex-
peted to be detrimental to spin injetion. Hene, in or-
der to minimize Mn/GaAs interfaial reations, an ini-
tial template layer growth of δ-MnGa was performed at
low temperature, following the proedure introdued by
Tanaka et al. [16℄. In order to mimi the atomi staking
sequene of MnGa in the [001℄ diretion, alternating lay-
ers of Mn (three) and Ga (two) were deposited at 40
◦
C,
forming an amorphous template layer on the substrate.
This template layer was annealed at 225
◦
C for 15 min-
utes, ausing the lm to rystallize and nuleate on the
GaAs surfae by solid-phase epitaxy, in order to promote
the formation of a thermodynamially stable epitaxial in-
terlayer. The growth of δ-MnGa is ontinued by Mn and
Ga o-deposition at 175
◦
C. Finally, the lms were an-
nealed in situ at 325
◦
C for two minutes to improve the
overall ordering and the surfae smoothness.
The epitaxial quality of the δ-MnGa/GaAs het-
erostruture was determined by X-ray diration and
ross-setional high-resolution transmission eletron mi-
rosopy (HRTEM). The X-ray diration pattern of a
10 nm thik δ-MnGa lm in Fig. 1(a) shows peaks orre-
sponding to the (001) and (002) planes and demonstrates
epitaxial growth of the desired tetragonal δ-MnGa phase,
with δ-MnGa (001) ‖ GaAs (001) and an out-of-plane
lattie parameter of c = 0.368 nm. The ross-setional
HRTEMmirograph of a 10 nm δ-MnGa/GaAs (001) het-
erostruture in Fig. 2(b) shows that the lm is epitaxial.
A lose examination, however, suggests that an interfa-
ial layer with a thikness of ≈ 1 nm exists between δ-
MnGa and GaAs. The interfaial layer may stem from
the template growth, an interpretation that is supported
by sanning tunneling mirosopy results [19℄. However,
more studies are neessary to eluidate the detailed in-
terfaial struture of δ-MnGa/GaAs heterostrutures.
Spin injetion from δ-MnGa into (Al,Ga)As het-
erostrutures was assessed using polarized eletrolumi-
nesene (EL). 7 nm thik δ-MnGa lms were grown on
p-i-n Ga0.9Al0.1As LEDs with a 10 nm thik GaAs quan-
tum well (QW) in the intrinsi region. For strutural
and proessing details, see Refs. 4 and 10. Eletrolu-
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Figure 1: (a) X-Ray diration pattern of a 10 nm thik δ-
MnGa lm on GaAs (001), indiating epitaxial growth with
a (001) orientation. (b) Cross-setional high-resolution trans-
mission eletron mirograph of the interfae of a 10 nm thik
δ-MnGa lm on GaAs (001).
minesene measurements were arried out with a bias
voltage applied between the p-type substrate and the δ-
MnGa ontat, so that spin-polarized eletrons tunnel
from δ-MnGa through the reverse biased Shottky bar-
rier and into the semiondutor heterostruture. The EL
was olleted along the growth diretion, whih was par-
allel to the applied magneti eld. At low temperature,
the EL was dominated by reombination of heavy-hole
exitons in the GaAs QW. The degree of irular po-
larization of the EL, PEL = (I
+ − I−) / (I+ + I−), was
then alulated from the integrated intensities for right
(I+) and left (I−) irularly polarized light. The steady-
state non-equilibrium eletron spin polarization injeted
into the QW is then P = PEL [12℄. The experimental
signal PEL also ontains a bakground due to magneto-
absorption in the semitransparent δ-MnGa ontat. A
magneto-absorption measurement on a 7.5 nm thik lm
shows that this bakground is equal to 0.5% [solid line in
Fig. 2(a)℄.
Figure 2(a) shows PEL as a funtion of an applied out-
of-plane magneti eld at dierent temperatures, as in-
diated. A nearly square hysteresis loop is observed at
all temperatures, and PEL losely traes the out-of-plane
magnetization Mz of δ-MnGa measured by SQUID mag-
netometry at 10K [dashed line in Fig. 2(a)℄ [20℄. The
observed hysteresis in both PEL and Mz are due to the
perpendiular magneti anisotropy of δ-MnGa, whih is
large enough to overome the shape anisotropy of the thin
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Figure 2: (a) Magneti eld dependene of the irular po-
larization of the emitted eletroluminesene, PEL, from the
δ-MnGa spin LED at dierent temperatures, as indiated.
The magneti eld dependene of the out-of-plane magneti-
zation (Mz, dashed line) at 10K and the magnetoabsorption
of the δ-MnGa lm at 20K (solid line) are also shown. (b)
PEL as a funtion of the bias voltage at 20K in remanene
after saturating the δ-MnGa layer at +50 kOe (irles) and
−50 kOe (triangles), respetively. () The maximum value of
PEL in remanene as a funtion of temperature.
lm. We have also observed square hysteresis loops and
an EL polarization signal at remanene in δ-MnGa spin
LEDs with a bulk detetor in plae of the QW. The max-
imum PEL observed in the δ-MnGa QW strutures is ap-
proximately 5% at 2K as opposed to almost 30% in om-
parable heterostrutures with Fe ontats [4℄. Although
the spin polarization of bulk δ-MnGa is not known, the
lower eieny may also be due to a partially reated
layer at the δ-MnGa/Ga0.9Al0.1As interfae.
In addition to the lose orrespondene between PEL
and the magnetization, a seond distintive feature of
spin injetion into p-i-n spin LED detetors is a strong
dependene of PEL on the bias voltage [4, 7, 10℄. Fig-
ure 2(b) shows the bias dependene of PEL in remanene
after saturating the magnetization at ±50 kOe. The ele-
tron spin polarizations measured in the two dierent re-
manent states are exatly opposite at all bias voltages.
The bias dependene of PEL is qualitatively similar to
what has been observed for spin injetion from Fe into
(Al,Ga)As spin LEDs of similar design [4℄. The similar
bias dependene of PEL using Fe and δ-MnGa suggests
that the bias dependene is due predominantly to a vari-
ation of the eletron and spin lifetimes in the semion-
dutor QW heterostruture.
3Figure 2() shows the temperature dependene of the
maximum PEL observed at eah temperature up to
200K. The overall temperature dependene, inluding
the minimum at approximately 70K and a maximum
at 150K, is very similar to that found for Fe [4℄ and
FexCo1−x [8℄ injetion ontats. The derease in PEL be-
tween 10 and 70K reets the temperature dependene of
the arrier reombination time in the QW. The inrease
in the signal above 70K is more diult to interpret but
has reently been orrelated with a rapid inrease in the
non-radiative reombination rate [21℄. The derease at
temperatures above 150K annot be desribed in terms
of arrier or spin dynamis alone and is likely due to a de-
rease in the spin injetion eieny as a onsequene of
a rossover from tunneling transport to thermioni eld-
emission as the temperature is inreased.
As is evident from the bias dependene shown in
Fig. 2(b), a limitation of the spin LED tehnique is the
fat that the optial polarization PEL depends not only
on the spin polarization of the injeted arriers P0 but
also on relaxation proesses in the semiondutor. In the
ideal ase, negligible spin relaxation ours during the in-
jetion proess itself, after whih eletrons beome bound
in the quantum well. The steady-state spin polarization
P in the quantum well is then determined by the spin re-
laxation rate and the total reombination rate. The solu-
tion of the rate equation determining P in zero magneti
eld is well-known from the theory of the optial Hanle
eet and is given by P = P0/ (1 + τr/τs) [12℄. The sen-
sitivity fator (1 + τr/τs)
−1
an be estimated from lumi-
nesene experiments under optial pumping [7, 22℄ or
by time-resolved measurements [21℄. In the ase of Fe
spin LEDs, some information about the relaxation times
an be extrated from the evolution of the polarization P
in an oblique magneti eld, as originally demonstrated
by Motsnyi et al. [7℄. This is analogous to the optial
Hanle eet, although it is diult to extrat quantita-
tive information beause the applied magneti eld in the
oblique geometry indues rotation of the magnetization
of the ferromagnet as well as preession of the spin in the
semiondutor.
In the ase of perpendiularly magnetized δ-MnGa, we
an realize a situation whih is idential to that in a tra-
ditional optial Hanle eet measurement, in whih in-
jeted spins are depolarized by a purely transverse mag-
neti eld. Small magneti elds applied in the plane of
the lm have a negligible eet on the magnetization of
the δ-MnGa lm, as an be seen in Fig. 3(a), whih shows
the perpendiular omponent Mz of the magnetization
(solid urve) as a funtion of the transverse in-plane mag-
neti eld HT . The orientation of the magnetization re-
mains essentially xed for HT < 5 kOe and then slowly
rotates into the plane, with a saturation eld greater than
30 kOe. For HT < 5 kOe, spins are injeted along zˆ, but
in the QW they preess about HT . The measured polar-
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Figure 3: (a) Eletroluminesene polarization PEL (symbols)
and out-of-plane magnetizationMz (solid line) of the δ-MnGa
lm as a funtion of the transverse (in-plane) magneti eld.
The inset shows the measurement geometry. (b) PEL is shown
as a funtion of the transverse eld for several dierent bias
voltages at a temperature of 40K. The solid urves are ts
to Eq. 1, with a onstant oset due to the MCD bakground
(dashed line). The inset shows the bias dependene of the spin
lifetime Ts as extrated from the half-widths of these Hanle
urves.
ization PEL will therefore follow the Hanle form [12℄:
P = P0
1
1 + τr/τs
·
1
1 + (ΩTs)
2
, (1)
where Ω = g∗µBB/h¯ is the Larmor frequeny of ele-
trons in the QW [23℄ and T−1
s
= τ−1
r
+ τ−1
s
is the total
spin relaxation rate. PEL is shown as a funtion of HT
in Fig. 3(a). The measured urve omprises a Lorentzian
form with a half-width of approximately 5 kOe superim-
posed on a muh broader peak with an amplitude of ap-
proximately 0.5%. The sharp peak at small elds is due
to the Hanle eet, and the broad bakground is due to
the magneto-absorption in the δ-MnGa, whih is grad-
ually suppressed as the magnetization rotates into the
plane.
Data for PEL at small in-plane elds are shown in
Fig. 3(b) for several dierent bias voltages at a temper-
ature of 40K. Fits to Eq. 1 are shown for eah bias. A
fully quantitative interpretation of the EL measurements
requires knowledge of all three parameters P0, τr, and τs,
but only ertain ombinations of these parameters an be
determined from the Hanle urves, as an be seen by in-
4spetion of Eq. 1. It is lear, however, that the amplitudes
and widths of the urves depend markedly on the bias
onditions. In partiular, the total spin lifetime Ts an
be extrated from the measured half-widths, and results
for the bias dependene at 40K are shown in the inset of
Fig. 3(b). The fat that Ts dereases with inreasing bias
while the amplitude of the EL Hanle urves inreases is
predominantly due to the derease in the reombination
time τr with inreasing voltage. Most importantly, the
Hanle urves demonstrate expliitly that the reombina-
tion and spin lifetimes are hanging dramatially over the
bias range of the spin LED measurements.
In summary, we have demonstrated spin injetion
from δ-Mn0.58Ga0.42 into (Al,Ga)As heterostrutures.
The perpendiular magneti anisotropy of the spin in-
jetor allows for the injeted polarization to be measured
at remanene. Dephasing of the injeted spins an be
observed in small transverse elds, as indiated by the
observation of the Hanle eet.
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